In this study, we fabricated a porous calcium alginate/graphene oxide composite aerogel by using polystyrene colloidal particles as sacrificial template and graphene oxide as a reinforcing filler. Owing to the excellent metal chelation ability of calcium alginate and controlled nanosized pore structure, the as-prepared calcium alginate/graphene oxide composite aerogel (mp-CA/GO) can reach the adsorption equilibrium in 40 min, and the maximum adsorption capacity for Pb 2+ , Cu 2+ and Cd 2+ is 368.2, 98.1 and 183.6 mg/g, respectively. This is higher than most of the reported heavy metal ion sorbents. Moreover, the mp-CA/GO can be regenerated through simple acid-washing and be used repeatedly with little loss in performance. The adsorption mechanism analysis indicates that the mp-CA/GO adsorb the heavy metal ions mainly through the ion exchange and chemical coordination effects.
Introduction
Heavy metal pollution is currently a serious environmental problem. Heavy metal ions are not biodegradable and tend to accumulate in living organisms, thereby causing many serious health and environment problems [1, 2] . Therefore, it is of great significance to remove heavy metal ions in water. In recent years, many methods such as ion-exchange, chemical oxidation and reduction, membrane filtration, chemical precipitation, and adsorption have been employed for removing heavy metal ions from water media [3] [4] [5] [6] [7] . Among these treatment methods, adsorption attracts more attention due to its simple operation, low price, recyclability of the adsorbent, and high efficiency in treating low-concentration wastewater [8] .
The exploration of efficient adsorbent materials starts by providing additional binding sites for adsorbed ions, improving the diffusion coefficient during the adsorption process, and enhancing the overall mechanical properties of adsorbent materials. Adsorbents with a large specific surface area, additional active groups, such as carboxyl and hydroxyl groups, and rational diffusion path for metal ion during adsorption are required. Deze et al. demonstrated the effect of porosity in heavy metal ions sorption [9] .
In our previous work, we synthesized pure calcium alginate and chitosan-calcium alginate hybrid aerogels for removing heavy metal ions in water [10, 11] . The results showed that calcium alginate could efficient removal of Pb 2+ and Cu 2+ from wastewater due to its rich carboxyl (−COOH) and hydroxyl and ethanol to remove the styrene monomer and sodium chloride. Finally, the PS particles were mixed into a solution with 10% mass fraction.
Preparation of mp-CA/GO
For the fabrication of the mp-CA/GO, the GO (0.5 mg mL −1 , 2 mL) and sodium alginate (1% w/v, 20 mL) solutions were mixed homogeneously. Then, PS colloidal particles solution (0.5 mL, 10 wt.%) was added to the sodium alginate and GO mixed solutions under magnetic stirring to form a homogeneous mixture. After that, this mixed solution was added dropwise to 100 mL of 0.2 M Ca 2+ solution. A hydrogel sphere formed immediately when the mixed solution contacted with the Ca 2+ solution. The hydrogel spheres were collected and washed with DI water, and placed into a low-temperature freezer. Then, the frozen hydrogel spheres were freeze-dried for 24 h under vacuum. The final mp-CA/GO composite aerogel were obtained by removing the PS colloidal particles with toluene and tetrahydrofuran exposure through ultrasonication [16] .
Adsorption and Desorption Tests
In an adsorption test,~50 mg of mp-CA/GO was added to 50 mL of 1.5 mM Pb 2+ , Cu 2+ , and Cd 2+ solutions, respectively. The mixture was filtered after stirring for 40 min. The unextracted Pb 2+ , Cu 2+ , and Cd 2+ in the filtrate were determined by ICP-OES.
In the desorption test, the Pb 2+ -, Cu 2+ -, or Cd 2+ -loaded mp-CA/GO was first immersed in 50 mL of 0.07 M HNO 3 solution for 20 min. Then, the mp-CA/GO was separated and washed with DI water. The desorbed Pb 2+ , Cu 2+ , and Cd 2+ in the eluent were also determined by ICP-OES. Each adsorption or desorption test was performed three times in parallel. The metal ion concentration was also determined three times in parallel and then averaged.
The adsorption capacity (Q, mg/g) and Adsorption (%) were calculated as follows:
where V is the volume of the solution (L); m is the weight of the mp-CA/GO (g); M is the molar mass of metals (g mol −1 ); and C i and C f represent the initial and final concentration of metal ions in solution, respectively (mM). Figure 1A illustrates the GO and PS suspensions that were used to prepare the mp-CA/GO. PS colloidal particle suspension appears milky white, whereas GO suspension appear brownish black due to high concentration. GO and PS can be dispersed in DI water and form homogeneous suspensions after a mild ultrasonic treatment. The XRD pattern of GO is presented in Figure 1D . The strong diffraction peak of GO appears at 11.5 • , which can be indexed to the (002) reflections of stacked GO sheets with the interlayer distance of 0.771 nm, which allows alginate to exist between layers of GO [17] [18] [19] . The mp-CA/GO with excellent mechanical strength and structural stability was acquired by the help of GO. The morphology of PS and GO was characterized by SEM, as depicted in Figure 1B ,C. The surface of the GO film has noticeable folds, which are attributed to the flexible, ultra-thin 2D lamination of GO ( Figure 1C ). As the most commonly used template material, PS colloidal particles have an excellent uniformity with a diameter of ca. 720 nm ( Figure 1B ), this uniformity is important for preparing materials with controlled porous structures. The FT-IR spectra of GO, calcium alginate (CA) and mp-CA/GO are presented in Figure 2 . In the three spectra, the absorption peaks around 3360 and 1412 cm −1 are ascribed to the O-H and -COOH, respectively. The weak peak around 2930 cm −1 in the spectra of CA and mp-CA/GO belongs to the asymmetric stretching vibration of C-H, in which the "egg-box" structures formed by sodium alginate macromolecule and calcium ion limit the C-H stretching [20, 21] . The peaks at 3179, 1715 and 1620 cm −1 in the spectrum of GO are attributed to the stretching vibrations of −OH, −COOH and C=C in the sp 2 carbon skeletal network, respectively [22] . Compared with the pure GO, the peaks of mp-CA/GO downshift from 3380 to 3346 cm −1 and 1612 to 1599 cm −1 , respectively. It can be attributed to the intermolecular hydrogen bonds formed between GO sheets and alginate [23] . The FT-IR spectra of GO, calcium alginate (CA) and mp-CA/GO are presented in Figure 2 . In the three spectra, the absorption peaks around 3360 and 1412 cm −1 are ascribed to the O-H and -COOH, respectively. The weak peak around 2930 cm −1 in the spectra of CA and mp-CA/GO belongs to the asymmetric stretching vibration of C-H, in which the "egg-box" structures formed by sodium alginate macromolecule and calcium ion limit the C-H stretching [20, 21] . The peaks at 3179, 1715 and 1620 cm −1 in the spectrum of GO are attributed to the stretching vibrations of −OH, −COOH and C=C in the sp 2 carbon skeletal network, respectively [22] . Compared with the pure GO, the peaks of mp-CA/GO downshift from 3380 to 3346 cm −1 and 1612 to 1599 cm −1 , respectively. It can be attributed to the intermolecular hydrogen bonds formed between GO sheets and alginate [23] . The FT-IR spectra of GO, calcium alginate (CA) and mp-CA/GO are presented in Figure 2 . In the three spectra, the absorption peaks around 3360 and 1412 cm −1 are ascribed to the O-H and -COOH, respectively. The weak peak around 2930 cm −1 in the spectra of CA and mp-CA/GO belongs to the asymmetric stretching vibration of C-H, in which the "egg-box" structures formed by sodium alginate macromolecule and calcium ion limit the C-H stretching [20, 21] . The peaks at 3179, 1715 and 1620 cm −1 in the spectrum of GO are attributed to the stretching vibrations of −OH, −COOH and C=C in the sp 2 carbon skeletal network, respectively [22] . Compared with the pure GO, the peaks of mp-CA/GO downshift from 3380 to 3346 cm −1 and 1612 to 1599 cm −1 , respectively. It can be attributed to the intermolecular hydrogen bonds formed between GO sheets and alginate [23] . The SEM photos of the mp-CA/GO and CA are displayed in Figure 3 . The PS beads with a diameter of ca. 720 nm are homogeneously dispersed in a composite aerogel sphere ( Figure 3A) , the spaces that were originally occupied by the PS beads remain as macropores after removing the particle template, and mp-CA/GO has a uniform diameter of approximately 720 nm macropore ( Figure 3B) . The surface appears more uneven in the mp-CA/GO with controlled pore structure than CA ( Figure 3C ), this phenomenon is beneficial to adsorb metal ions. In addition, the diameter of the pore structure can be regulated by changing the diameter of PS colloidal particle template, thus allowing us to design the required pore size of materials.
Results and Discussion

Material Characterizations
The SEM photos of the mp-CA/GO and CA are displayed in Figure 3 . The PS beads with a diameter of ca. 720 nm are homogeneously dispersed in a composite aerogel sphere ( Figure 3A ), the spaces that were originally occupied by the PS beads remain as macropores after removing the particle template, and mp-CA/GO has a uniform diameter of approximately 720 nm macropore ( Figure 3B) . The surface appears more uneven in the mp-CA/GO with controlled pore structure than CA ( Figure 3C ), this phenomenon is beneficial to adsorb metal ions. In addition, the diameter of the pore structure can be regulated by changing the diameter of PS colloidal particle template, thus allowing us to design the required pore size of materials. 
Effect of pH
In order to evaluate the effect of pH on adsorption performance, we conducted experiments at pH values that range from one to seven. As can be seen in Figure 4 , adsorption capacity of the as-prepared mp-CA/GO increased significantly when the pH increased from one to three, and then remained stable with a further increase in pH. This result can be due to the change in the ionic state of the amino and carboxyl groups. When the mp-CA/GO was in strong acidic circumstance (pH < 3), functional groups (amino and carboxyl) were protonated. However, amino and carboxyl groups are deprotonated with an increase in the solution pH (3 ≤ pH ≤ 7) [10, 24] . Therefore, mp-CA/GO has wide pH range to meet the needs of real application. 
Effect of the Contact Time and Environmental Temperature
The effect of contact time on the adsorption behavior of mp-CA/GO was also evaluated ( Figure  5 ). The adsorption rate of Pb 2+ , Cu 2+ , and Cd 2+ onto the mp-CA/GO was quite fast, thereby completing the adsorption process within 40 min. The adsorption rate was clearly high at the initial adsorption period, possibly due to the controlled porous structures and abundant vacant sites of aerogel. The diffusion rate of metal ions was accelerated through the nanoporous structure of mp-CA/GO, 
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The effect of contact time on the adsorption behavior of mp-CA/GO was also evaluated ( Figure 5 ). The adsorption rate of Pb 2+ , Cu 2+ , and Cd 2+ onto the mp-CA/GO was quite fast, thereby completing the adsorption process within 40 min. The adsorption rate was clearly high at the initial adsorption period, possibly due to the controlled porous structures and abundant vacant sites of aerogel. The diffusion rate of metal ions was accelerated through the nanoporous structure of mp-CA/GO, thereby indicating the primary objective of preparing porous structure using PS colloidal particles as template. Furthermore, pseudo-first-order and pseudo-second-order kinetic models have been employed to investigate the adsorption kinetics during the adsorption process. The results summarized in Table 1 show that the pseudo-second-order kinetic model fits well with the kinetic data according to the values of R 2 , thus suggesting that chemical sorption is a rate determining step in the adsorption process.
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Furthermore, the effect of environmental temperature on the adsorption behavior for heavy metal ions was also investigated. As seen in Figure 6 , the adsorption capacity of the mp-CA/GO increased slowly with the increase in temperature. However, its improvement in terms of adsorption performance was vague, possibly because the large specific surface area and controlled porous structure of mp-CA/GO allowed the metal ions to acquire additional binding sites and rapid ion diffusion rate on the material. The adsorbent's weak sensitivity to temperature is crucial to practical applications, thereby enabling the mp-CA/GO to be potentially applied to the practical treatment of heavy metal ions. Furthermore, the effect of environmental temperature on the adsorption behavior for heavy metal ions was also investigated. As seen in Figure 6 , the adsorption capacity of the mp-CA/GO increased slowly with the increase in temperature. However, its improvement in terms of adsorption performance was vague, possibly because the large specific surface area and controlled porous structure of mp-CA/GO allowed the metal ions to acquire additional binding sites and rapid ion diffusion rate on the material. The adsorbent's weak sensitivity to temperature is crucial to practical applications, thereby enabling the mp-CA/GO to be potentially applied to the practical treatment of heavy metal ions. 
Maximum Adsorption Capacity of the mp-CA/GO
The maximum adsorption capacity is one of the most important features for the adsorbent. As seen in Figure 7 , the adsorption capacity increases dramatically with the initial concentration from 0.1 mM to four mM for the mp-CA/GO. After exceeding four mM, the increment in mp-CA/GO has leveled off, possibly because of the lack of adequate functional groups to accommodate additional metal ions. The maximum adsorption capacities of mp-CA/GO for Pb 2+ , Cu 2+ , and Cd 2+ are 368.2, 98.1 and 183.6 mg/g, respectively. These values are higher than most of the reported heavy metal ion adsorbents [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] (Table 2 ). 
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Adsorption Mechanism
In order to clarify the adsorption mechanism of the mp-CA/GO, we monitored the amount of each metal ion in the adsorption process. It can be seen from Figure 9 that the mole amount of Pb 2+ , Cu 2+ and Cd 2+ in the solution decreased while Ca 2+ increased as the reaction proceeded. This illustrates that, in the first adsorption process, the adsorption of heavy metal ions is mainly completed by ion exchange. However, the mole amount of the adsorbed Pb 2+ , Cu 2+ , or Cd 2+ is higher than that of the desorbed Ca 2+ during the different adsorption periods, indicating that the ion exchange is only one of the mechanisms. In order to fully understand the essence of adsorption, we further analyzed the O one s spectra before and after Pb 2+ , Cu 2+ , and Cd 2+ adsorption (Figure 10 ). The two peaks at 530.88 and 529.767 eV in the O one s spectrum are attributed to the oxygen-containing functional groups. New peaks appeared at 530.461, 530.728, and 530.866 eV, respectively, after the 
In order to clarify the adsorption mechanism of the mp-CA/GO, we monitored the amount of each metal ion in the adsorption process. It can be seen from Figure 9 that the mole amount of Pb 2+ , Cu 2+ and Cd 2+ in the solution decreased while Ca 2+ increased as the reaction proceeded. This illustrates that, in the first adsorption process, the adsorption of heavy metal ions is mainly completed by ion exchange. However, the mole amount of the adsorbed Pb 2+ , Cu 2+ , or Cd 2+ is higher than that of the desorbed Ca 2+ during the different adsorption periods, indicating that the ion exchange is only one of the mechanisms. In order to fully understand the essence of adsorption, we further analyzed the O one s spectra before and after Pb 2+ , Cu 2+ , and Cd 2+ adsorption (Figure 10 ). The two peaks at 530.88 and 529.767 eV in the O one s spectrum are attributed to the oxygen-containing functional groups. New peaks appeared at 530.461, 530.728, and 530.866 eV, respectively, after the adsorption of Pb 2+ , Cu 2+ , and Cd 2+ , indicating that the oxygen groups of on mp-CA/GO were involved in chemisorption of Pb 2+ , Cu 2+ , and Cd 2+ . Therefore, the excellent adsorption performance of mp-CA/GO is attributed to the combined action of chemical coordination and ion exchange. 
Regeneration Research
In the regeneration process, the mp-CA/GOs that were individually loaded with Pb 2+ , Cu 2+ , and Cd 2+ were immersed into 50 mL of 0.07 M HNO 3 solution. Then, the mp-CA/GO was separated and washed sequentially with DI water, calcium hydroxide solution, and then DI water till the final eluent to neutral.
The recyclability of mp-CA/GO is depicted in Figure 11 . The mp-CA/GO could remove Pb 2+ , Cu 2+ and Cd 2+ after 20 adsorption-desorption cycles with a performance loss within five %, possibly attributed to the GO, as reinforcing fillers, to maintain the mechanical strength and elasticity of mp-CA/GO during the continuous adsorption-desorption process. 
Conclusions
In this study, the mp-CA/GO with controlled pore structure was used as an efficient solid adsorbent to remove heavy metal ion in wastewater. The fabrication of a controlled porous structure has two advantages. First, the porous structure increases the surface area of the material itself, thereby enabling the adsorbent material to provide additional binding sites for heavy metal ions. The removal rates for Pb 2+ , Cu 2+ , and Cd 2+ were 95.4%, 81.2%, and 73.2%, respectively. Second, existing porous structure significantly accelerates the diffusion rate of ions in the adsorption process, thus enabling the adsorption process to complete within 40 min. Furthermore, the mp-CA/GO could be regenerated through a simple acid washing process and used repeatedly with little loss in performance. Additionally, the wide pH application range and the weak sensitivity to temperature also allowed the mp-CA/GO to be potentially applied to actual heavy metal sewage treatment.
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